Objective-Intramuscular fat accumulates between muscle fibers or within muscle cells. We investigated the association of intramuscular fat with other ectopic fat deposits and metabolic risk factors. Approach and Results-Participants (n=2945; 50.2% women; mean age 50.8 years) from the Framingham Heart Study underwent multidetector computed tomography scanning of the abdomen. Regions of interest were placed on the left and right paraspinous muscle, and the muscle attenuation (MA) in Hounsfield units was averaged. We examined the association between MA and metabolic risk factors in multivariable models, and additionally adjusted for body mass index (BMI) and visceral adipose tissue (VAT) in separate models. MA was associated with dysglycemia, dyslipidemia, and hypertension in both sexes. In women, per standard deviation decrease in MA, there was a 1.34 (95% confidence interval, 1.10-1.64) increase in the odds of diabetes mellitus, a 1.40 (95% confidence interval, 1.22-1.61) increase in the odds of high triglycerides, and a 1.29 (95% confidence interval, 1.12-1.48) increase in the odds of hypertension. However, none of these associations persisted after adjustment for BMI or VAT. In men, we observed similar patterns for most risk factors. The exception was metabolic syndrome, which retained association in women even after adjustment for BMI and VAT, and low high density lipoprotein and high triglycerides in men, whose associations also persisted after adjustment for BMI and VAT. Conclusions-MA was associated with metabolic risk factors, but most of these associations were lost after adjustment for BMI or VAT. However, a unique association remained for metabolic syndrome in women and lipids in men. 
B
ody mass index (BMI) is often used to determine a patient's risk for excess body fat-related disease. However, BMI alone does not account for the heterogeneity of health outcomes from obesity. 1 A body of literature exists to investigate the association of different ectopic fat depots to better characterize the variety of obesity-related health risks. [2] [3] [4] [5] [6] [7] Pericardial, perivascular, and renal sinus fat are associated with the hypothesized local effects of fat, [4] [5] [6] whereas visceral adipose tissue (VAT), intrahepatic fat, and intramuscular fat are associated with hypothesized systemic effects of adipose tissue. 3, 4, 7, 8 Intramuscular fat is of particular interest because of the important role of muscle, particularly skeletal muscle, in insulin-mediated glucose uptake as well as in fat perioxidation. 8 Because of skeletal muscle's high insulin sensitivity and large percentage of body mass, fat accumulation and concomitant loss of insulin sensitivity potentially plays an important role in insulin resistance, obesity, and metabolic syndrome. 8 Previous studies have shown that increased intramuscular fat is associated with decreased insulin sensitivity. [9] [10] [11] [12] [13] [14] The reason for this is not entirely understood, although studies have suggested that it may be because of altered action of mitochondrial proteins as a result of increased lipid peroxidation products. 10 The current literature on the association between intramuscular fat and metabolic risk factors is limited by relatively small sample sizes (n=32-173), samples enriched for adiposity, 10, 11, 14 and often a limited panel of metabolic risk factors focusing on glucose-related factors. [9] [10] [11] [12] [13] [14] Finally, these studies generally did not account for potentially confounding factors, most notably BMI or VAT. [9] [10] [11] [12] [13] [14] Therefore, the goal of our research was to use a large, community-based cohort to examine the association between intramuscular fat and a comprehensive panel of metabolic risk factors, while accounting for potential confounding factors as well as for BMI and VAT.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Study Sample Characteristics
Study sample characteristics can be found in Table 1 . Our sample was middle-aged and half were women. On average, our sample was overweight. Five and a half percent of women had diabetes mellitus, and 27.1% had metabolic syndrome. The distribution of muscle Hounsfield unit readings for our sample can be seen in Figure 1 : the median muscle attenuation (MA) in women was 56 Hounsfield units, and for men it was 59 Hounsfield units. 
Correlations Between Intramuscular Fat and Cardiovascular Disease Risk Factors
Multivariable-Adjusted Associations Between MA and Metabolic Risk Factors
MA showed associations with glycemic, lipidemic, and blood pressure-related risk factors in both men and women. We examined these associations in Tables 3 and 4 .
Glycemic Risk Factors
In both men and women, MA was inversely associated with all of the glycemic risk factors that we investigated. For example, in women, per 1 standard deviation (SD) decrease in MA there was a 2.13 mg/dL increase in plasma glucose. This association persisted after adjustment for BMI (P=0.01), but not after adjustment for VAT (P=0.8). Generally, other glycemic associations in women did not persist after adjustment for BMI or VAT, with the exception of metabolic syndrome (odds ratio [OR], 1.50; P<0.0001 after BMI adjustment; and OR, 1.22; P=0.03 after VAT adjustment). This association of decreasing MA and increasing metabolic syndrome can be seen after stratifying the data into VAT and subcutaneous adipose tissue tertiles in Figures  2 and 3 , respectively. Figures 2 and 3 examine the Hounsfield Units data within tertiles of VAT ( Figure 2 ) and SAT ( Figure  3) , to examine the association between clinical risk factors and muscle Hounsfield Units within a narrower range of VAT or SAT. Results were generally similar, but less striking, in men.
As MA decreased, insulin resistance in both women and men increased (women: OR, 1.27; P=0.001; men: OR, 1.04; P=0.5). However, on adjustment for VAT, we noted that decreasing MA was associated with decreasing odds of insulin resistance (women: OR, 0.73; P=0.001; men: OR, 0.76; P=0.002). Displayed graphically in Figure 2 , we saw a similar stepwise decrease of the prevalence of insulin resistance with decreasing MA within each VAT tertile.
Lipid Risk Factors
As MA decreased, there was an increase in log triglycerides (0.09 per SD decrease in MA; P<0.0001) and decrease in high density lipoprotein (HDL) (-1.54 mg/dL per SD decrease in MA; P=0.002) in women. After adjustment for BMI, the association with log triglycerides persisted (P=0.0003), but did not persist after VAT adjustment (P=0.8). In men, we observed the opposite effect. Per SD decrease in MA, there was a nonsignificant decrease in log triglycerides, which became stronger after adjustment for BMI (P=0.01) and VAT (P=0.0002). Displayed Data are presented as mean (SD) for continuous traits, and count (n) for categorical data.
*Data presented as median (1st quartile, 3rd quartile). +For HOMA-IR data, data are presented among those without diabetes mellitus; n=1280 for women, n=1277 for men. graphically in Figure 2 , within each VAT tertile, as MA decreased, there was a stepwise decrease in the prevalence of high triglycerides, most prominently in the second VAT tertile. Similar trends were observed for low HDL in men. Both of these trends also persisted when the data were stratified by subcutaneous adipose tissue tertiles instead of VAT tertiles ( Figure 3 ).
Blood Pressure-Related Risk Factors
Blood pressure-related risk factors had less notable associations with MA. In the simple model, we observed associations between decreasing MA and increasing systolic blood pressure in both women (1.70 mm Hg per SD decrease in MA; P=0.0004) and men (0.97 mm Hg per SD decrease in MA; P=0.03), and similar associations for women with diastolic blood pressure (0.58 mm Hg per SD decrease in MA; P=0.04) and hypertension (1.29 odds per SD decrease in MA; P=0.0003). However, none of these associations persisted in the BMI-or VAT-adjusted models.
Framingham Risk Score
In women, per SD decrease in muscle Hounsfield Units, the Framingham Risk Score was higher, even after adjusting for BMI or VAT (Table 3 ). Similar observations were not observed in men.
Interaction Testing
We observed sex interactions for impaired fasting glucose, metabolic syndrome, log triglycerides, high triglycerides, systolic blood pressure, and diastolic blood pressure. In all cases, the association was stronger in women (Tables 3 and  4) . We also tested for age interactions (the online-only Data Supplemental Table I ); we observed evidence for age interactions for diastolic blood pressure and insulin resistance, where associations were stronger in the younger group. When stratified by cohort, the results were not materially different (the online-only Data Supplemental Table II) .
Discussion Principal Findings
Our study shows that MA is associated with measures of adiposity, including BMI, waist circumference, and VAT, as well as metabolic risk factors. These associations were stronger in women, particularly for lipid and blood pressure traits. Overall, most of the associations between MA and metabolic risk factors did not persist after accounting for BMI or VAT, with the exception of metabolic syndrome in women, and homeostatic model assessment insulin resistance, triglycerides, and HDL in men.
In Context of Current Literature
Previous studies have found, using a diverse set of technology and techniques including NMR spectroscopy, 9,10 that there is an association between increasing intramuscular fat and increasing insulin resistance (and related glycemic parameters). [9] [10] [11] [12] [13] [14] Our results without adjustment for BMI or VAT are consistent with this finding.
However, on adjustment for BMI and VAT, our findings suggest an unexpected association between increasing intramuscular fat and decreasing insulin resistance. The reasons for this remain unclear. Given the correlation between intramuscular fat and generalized and central adiposity, the issue of collinearity is potentially of concern. However, this is unlikely to serve as the sole explanation for the present findings for the following reasons. First, we observed only a modest association between MA and VAT (r=0.21-0.37), which is unlikely to result in significant collinearity. Second, when we considered the crude MA data stratified by tertiles of either VAT or subcutaneous adipose tissue, we observed similar unexpected associations between decreasing MA and decreasing insulin resistance. One study has similarly adjusted for VAT and also observed a change in the direction of the association between MA and insulin resistance after accounting for VAT, although the ability to make inferences is limited by the modest sample size (n=173). 12 Other studies have also found an association between high intramuscular fat and high insulin sensitivity in endurance athletes. 15, 16 Exercise increases diacylglycerol acyltransferase, which catalyses triglyceride production from diacylglycerol and fatty acyl-CoA and protects against insulin resistance. 17 However, given that our sample is drawn from a community-based study, it is unlikely that this mechanism can explain the present findings.
Similarly, in men, after adjustment for VAT, we observed an unexpected directionality of association between decreasing MA and decreasing log triglycerides and increasing HDL. Triglyceride-to-HDL ratio has previously been found to be a useful proxy for insulin resistance in white samples, such as ours. 18 Thus, it is of particular interest that we identified paradoxical associations with triglycerides, HDL, and insulin resistance.
Fewer studies have investigated the association between MA and lipid or blood pressure parameters. In 79 men with a BMI≥25 kg/m 2 , one study observed inverse correlations between MA and glucose, homeostatic model assessment insulin resistance, HDL, systolic blood pressure, and diastolic blood pressure, consistent with our findings. 11 We extend the current literature by inclusion of a larger, community-based sample, which includes women in addition to men, excellent ascertainment of multiple important covariates, and a comprehensive panel of metabolic risk factors.
Potential Mechanisms
Several studies have investigated the physiological mechanisms of association between intramuscular fat and insulin resistance. 10, [19] [20] [21] [22] Increased lipid peroxidation may cause mitochondrial protein modification, as well as modification to other proteins along the insulin receptor pathway. 10 This could decrease the sensitivity of the muscle to insulin and lead to Data presented include odds of the condition per 1 standard deviation decrease in muscle attenuation with 95% confidence interval. *All models are adjusted for age, current smoking status, alcohol use, and physical activity. Menopausal status and hormone replacement therapy are also included for models among women.
insulin resistance. 10 Obesity and diabetes mellitus are associated with increased transport of long chain fatty acids into skeletal muscle via an increase in the number of fatty acid translocases. 21 The cause-effect relationship remains uncertain; however, one study did find that after high-fat feeding, mice developed both insulin resistance and increased intramuscular fat in their skeletal muscles. 20 Comparatively, on the same high-fat diet, liver insulin resistance preceded increased intrahepatic fat. 20 Therefore, intramuscular fat may be more closely associated with insulin resistance than other ectopic fats, such as intrahepatic fat.
We have consistently observed stronger associations between ectopic fat depots and metabolic risk factors in women as compared with men. 3 Although the pathogenesis of this remains uncertain, potential mechanisms include higher rates of delivery of hepatic free fatty acids in women as compared with men, 23 sex differences in fat distribution, whereby women have more subcutaneous but less visceral fat as compared with men, 3 and a stronger familial contribution to the distribution of fat in women as compared with men. 24 Whether this can account for the lower relative muscle attenuation in women as compared with men requires further inquiry.
Implications
Our findings emphasize the wide range of associations between MA and metabolic risk factors. Some of these associations persisted even after adjustment or stratification for VAT, an ectopic fat deposit strongly associated with metabolic risk factors. 3, 4 Although MA is not a measure that could easily be used clinically, these associations have implications for future research. For example, it remains uncertain why there were unexpected trends in the associations of MA for insulin resistance, triglycerides, and HDL after accounting for VAT in men. Therefore, further research into these associations and the mechanisms behind them could help to explain the heterogeneity of obesity-related health outcomes. If a proxy for intramuscular fat that is more appropriate for clinical use is later found, these associations could be used to help make metabolic prognoses.
Strengths and Limitations
Strengths of this study include its large sample size, which allowed us to investigate small, but potentially significant, associations between MA and metabolic risk factors. We identified and adjusted our findings for a number of wellmeasured potential confounders. Our sample was not drawn from a sample ascertained for obesity or metabolic disease; therefore, our findings are generalizable to a wide population. Our covariates and outcomes were well documented. Some limitations warrant mention. We used MA as a proxy for intramuscular fat, which is not a direct measurement of intramuscular fat. Although this may have led to misclassification in our sample, it has likely biased our results toward the null, but is unlikely to account for our significant observations. Our sample is also primarily white; therefore, the generalizability of our results to other ethnic groups is uncertain. Although clinical and computed tomography data in the offspring were not collected contemporaneously our stratified analyses do not suggest that this is an important explanation for our findings. In general, the associations between muscle Hounsfield Units and clinical risk factors are slightly lower as compared with larger fat depots, such as visceral fat. Whether this is because of physiological reasons of relative metabolic fat activity as compared with the use of a gold standard method of assessment warrants further study. Finally, because of our study's observational and cross-sectional design, causality and temporality cannot be determined from our results.
Conclusions
Intramuscular fat, measured using MA on multidetector computed tomography, was associated with a wide panel of metabolic risk factors. Although some of these associations did not persist after adjustment for BMI and VAT, unique associations remained for metabolic syndrome in women and lipid-related parameters in men. Further investigation into this association may ultimately lead to a better understanding of the heterogeneity of obesity-related health outcomes.
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